Here we show that Ad3 uses dynamin-independent endocytosis for rapid infectious entry into epithelial and haematopoietic cells. Unlike Ad5, which uses dynamin-dependent endocytosis, Ad3 endocytosis spatially and temporally coincided with enhanced fluid-phase uptake. It was sensitive to macropinocytosis inhibitors targeting F-actin, protein kinase C, the sodium-proton exchanger, and Rac1 but not Cdc42. Infectious Ad3 macropinocytosis required viral activation of p21-activated kinase 1 (PAK1) and the C-terminal binding protein 1 of E1A (CtBP1), recruited to macropinosomes. These macropinosomes also contained the Ad3 receptors CD46 and alpha v integrins. CtBP1 is a phosphorylation target of PAK1, and is bifunctionally involved in membrane traffic and transcriptional repression of cell cycle, cancer, and innate immunity pathways. Phosphorylation-defective S147A-CtBP1 blocked Ad3 but not Ad5 infection, providing a direct link between PAK1 and CtBP1. The data show that viruses induce macropinocytosis for infectious entry, a pathway used in antigen presentation and cell migration.
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Introduction
Animal cells support a variety of endocytic pathways to coordinate signal transduction, cell growth, differentiation, death, and also pathogen infection (Marsh and Helenius, 2006) . Besides clathrin-mediated endocytosis, dynamin-dependent endocytic pathways include phagocytosis, the interleukin-2 receptor and intercellular adhesion molecule 1 routes, caveolar and lipid raft-dependent uptake, or dorsal ruffling leading to WAVE complex-dependent endocytosis (Gruenberg and van der Goot, 2006; Marsh and Helenius, 2006; Orth et al., 2006) . Only a few dynamin-independent pathways are known, e.g., cholera toxin uptake via the glycosylphosphatidylinositol (GPI) anchored protein pathway (Kirkham et al., 2005) , or macropinocytosis which engulfs large plasma membrane domains into spherical endosomes (Schnatwinkel et al., 2004) .
Macropinocytosis can be induced by growth factors, Ras or Src tyrosine kinase. It clears bacterial infections, removes apoptotic bodies, and is an important element of innate immunity and cell migration (Wu et al., 2006) . Constitutive macropinocytosis supports antigen processing and presentation in dendritic cells. In viral infections, macropinocytosis is an accessory pathway triggered by HIV (Liu et al., 2002; Marechal et al., 2001) , and human adenovirus types 2 and 5 (Ad2/5) in respiratory epithelial cells (Meier et al., 2002) . It has remained unclear, however, if macropinocytosis is an infectious entry pathway for pathogens.
Adenoviruses are a diverse family of agents. They infect the upper and lower respiratory tracts, the urinary and digestive tracts, and give rise to epidemic conjunctivitis. The species B serotypes Ad3, Ad7 and Ad11 are associated with exacerbations of asthmatic conditions, and mobidity and mortality, and Ad3 has been associated with epidemic conjunctivitis (Hayashi and Hogg, 2007) . The nature of the Ad3 receptor has been debated (Marttila et al., 2005; Sirena et al., 2004) , but recent mutagenesis experiments have mapped the Ad3 binding site of CD46 to the distal consensus repeats 1 and 2 (Fleischli et al., 2007) , in close agreement with the crystal structure of the Ad11 fiber knob on CD46 (Persson et al., 2007) . CD46 protects autologous cells from complement attack, and links innate and acquired immunity in macrophages and lymphocytes (Liszewski and Atkinson, 1996; Riley-Vargas et al., 2004) . The extracellular domain contains partly overlapping binding sites for the complement factors C3b and C4b, and different viruses and bacteria. In T-cells, ligandinduced crosslinking of CD46 stimulates the phosphorylation of Cbl and LAT, and the activation of Vav, Rac, and the Erk1/2 MAP kinase pathway. The Rac1 GTPase orchestrates CD46 downregulation by macropinocytosis (Crimeen-Irwin et al., 2003) , and increases susceptibility to complement-mediated lysis, and immune suppression (Kemper et al., 2005 ).
Here we show that infectious endocytic uptake of Ad3 occurs through macropinocytosis. It is controlled by a transcriptional corepressor, the C-terminal binding protein 1 of E1A (CtBP1). CtBP1 occurs in two spliced forms, long and short (CtBP1-L/S). CtBP1-S (also called brefeldin A-ribosylated substrate, BARS) lacks 11 N-terminal amino acids, and like CtBP1-L is involved in dynamin-independent endocytosis (Bonazzi et al., 2005; Chinnadurai, 2002) . It is observed at Golgi membranes, and functions in mitotic partitioning of the Golgi apparatus and membrane trafficking (Colanzi et al., 2007) . It is also found on dense bodies of synaptic termini where it may have a tethering role in membrane organization (Gallop et al., 2005; tom Dieck et al., 2005) . The two mammalian CtBP genes 1 and 2 have partly overlapping transcriptional functions in tumorigenesis, apoptosis, development, cell differentiation, cell cycle regulation, and viral infection (Berk, 2005) . In normal cells, CtBP1 heterodimerizes with CtBP2, and shuttles between the nucleus and the cytoplasm depending on posttranslational modifications and binding to PDZ proteins (Barnes et al., 2003; Verger et al., 2006) . Here we address a cytoplasmic function of CtBP1 in infectious macropinocytic uptake of Ad3.
Results
Alpha v integrins in dynamin-dependent and -independent Ad3 endocytosis
Integrins have been known to support infectious endocytosis of species C human adenoviruses, such as respiratory Ad2 and Ad5 (Stewart and Nemerow, 2007) . We tested if Ad3 infection required alpha v integrins. Ad3-eGFP transduction of alpha v integrin deficient, CD46 positive M21L melanoma cells was reduced compared to alpha v integrin positive M21 cells, although binding was not affected (Fig. 1A, B ), in agreement with earlier reports on infection (Mathias et al., 1994) . Similar results were obtained with Ad5 (Fig. 1B) . Soluble RGD peptides inhibited both Ad3 endocytosis measured by trypsin resistance of (3H)-thymidine labeled virions (Fig. 1C) , and transduction of Ad3-eGFP (Fig. 1D ). Quantitative internalization assays at low multiplicity of infection (moi, 5 infectious particles bound per cell) indicated that more than 50% of the surface bound virions were internalized within 20 min (Fig. 1E ), consistent with virus uptake measurements at high moi ( Fig. 2A) . This result was similar for Ad2 (Greber et al., 1993) , and the Ad3-related Ad7 (Miyazawa et al., 1999) .
Ad3-eGFP transduction of HeLa-ATCC cells was not sensitive to dominant-negative (dn) K44A dynamin2 (dyn2), which blocked transferrin uptake, whereas Ad5 was strongly inhibited by K44A-dyn2 (Fig. 1F, G) . In HeLa-K cells (a variant of HeLa-ATCC), K44A-dyn2 inhibited both Ad3 and Ad5-mediated eGFP transduction, although
Ad5 was affected more strongly, and transferrin uptake was inhibited similarly as in HeLa-ATCC cells (Fig. 1H, I ). To further assess an involvement of dynamin-mediated endocytosis in Ad3 infection we expressed dn constructs of amphiphysin and Eps15, and measured nuclear targeting of fluorescent Ad3 . The D36R mutant of the amphiphysin2 SH3 domain which tightly binds to and prevents self assembly of dynamin , and the Eps15 EH29 mutant lacking EH domain 2 but retaining binding to the adaptor complex 2 blocked transferrin uptake but not Ad3 nuclear targeting, indicating that dynamin and Eps15 were not involved in Ad3 endocytosis in HeLa-ATCC (Sup. 1) . This suggested a cell type-dependent, but low level involvement of dynamin in Ad3 infection, and confirms a strong dynamin requirement for Ad5 infection.
Macropinocytosis is an infectious entry route of Ad3
EM analyses of incoming Ad3 at high moi of 5000 confirmed that the bulk of Ad3 was internalized rapidely and efficiently ( Fig. 2A) . Viral escape to the cytosol occurred with a half time of 30 to 40 min pi. At 150 min pi, 90% of the particles morphologically disappeared, indicating capsid disassembly and / or degradation (Fig. 2B ). Ad3 particles were frequently found in smooth invaginations of the plasma membrane, and large vesicles with multiple virus particles (Fig. 2C , 10 min pi). The limiting membrane of viral vesicles was not stained with cell impermeable cationized ferritin added after virus internalization indicating that these structures were in the cytosol (not shown).
About 80% of the Ad3 carrying vesicles contained fluid phase BSA-gold, similar to vesicles with Ad2-ts1 (Fig. 2D ). Ad2-ts1 is internalized in the absence of macropinocytosis with similar kinetics as wild type Ad2 (Meier et al., 2002) . In contrast to Ad2-ts1, Ad3 endosomes contained more BSA-gold demonstrating that Ad3 enters along a pathway rich in fluid phase (Fig. 2D ). Dextran measurements confirmed that Ad3 stimulated fluid uptake (Fig. 3A, B ). Ad3 but not Ad2-stimulated dextran uptake was completely abolished in the presence of excess Ad3 fiber knob protein which binds CD46 and blocks cell attachment of Ad3 (Sirena et al., 2004) (Fig. 3C) . The fiber knob of the Ad3-related Ad11 is a trimer that binds three soluble CD46 extracellular consensus repeats (Persson et al., 2007) . The data thus suggested that multiple fibers or additional capsid components of the Ad3 particle are required to trigger CD46-mediated macropinocytosis.
To test if antibody-mediated CD46 crosslinking triggered fluid phase uptake, HeLa-ATCC cells were incubated with the monoclonal anti-CD46 IgG antibody E4-3, followed by anti-IgG crosslinking antibodies. Under these conditions, we measured a modest but significant 1.6 fold increase of dextran uptake compared to control cells or cells incubated with 5x lower concentrations of E4-3 (Fig. 3D ). This was in agreement with an earlier study reporting that low antibody crosslinking of CD46 leads to CD46 internalization by constitutive clathrin-mediated endocytosis, whereas a high degree of crosslinking leads to cell surface ruffling and macropinocytosis (Crimeen-Irwin et al., 2003) . Cells incubated with the anti-alpha v integrin antibody LM609 but not the function blocking P1F6 stimulated dextran uptake 1.5 fold (Fig 3D) . The combination of E4.3 and LM609 gave a robust 2-fold stimulation of dextran uptake suggesting that simultaneous CD46 and alpha v integrin crosslinking potentiates fluid phase uptake.
Ad3 alone was more potent than antibodies or the phorbol ester PMA, and depended on soluble cyclic RGD (arginine-glycin-aspartate) peptides (Fig. 3D , E). We concluded that Ad3 stimulates fluid phase uptake by the combined ligation of CD46 and alpha v integrins.
We next assessed Ad3-stimulated dextran uptake by pharmacological inhibitors. Ad3-stimulated dextran uptake was sensitive to cytochalasin D and jasplakinolide, which depolymerize and stabilize F-actin, respectively, and the protein kinase C inhibitor Gö6976, which blocks the calcium-dependent PKC alpha and beta isoforms but not calcium-independent PKCs (Davies et al., 2000; Gschwendt et al., 1996) , and strongly blocked by the sodium/proton exchange inhibitor 5-(N-ethyl-n-isopropyl)-amiloride (EIPA) (Fig. 3F, G) . Importantly, all these classical macropinocytosis inhibitors significantly reduced Ad3 infection, although jasplakinolide could also have postendocytic effects inhibiting Ad3-eGFP expression, as concluded by the late addition of the drug (Fig. 3H ). These inhbitors as well as the Rho GTPase inhibitor toxin B prevented viral endocytosis measured at low moi using the trypsin assay (Fig. 4A ). The analysis of subcellular localization of Ad3 particles at the plasma membrane, endosomes and the cytosol using quantitative thin section EM at high moi confirmed these results (Fig. 4B , and Sup. 2). Interestingly, both Ad3-stimulated dextran uptake and infection were also inhibited in cells depleted of clathrin heavy chain (CHC, Fig.   4C , D but not plasma membrane or endosomal Ad3 (Fig. 4E ). This shows that at high moi, Ad3 can internalize by a clathrin-independent mechanism in the absence of fluid phase stimulation. It is likely that clathrin is required for endosomal escape of Ad3, and facilitates dextran uptake, possibly involving cytoplasmic membrane transport processes, such as retromer-mediated sorting from endosomes to the Golgi (Popoff et al., 2007) .
Infectious Ad3 macropinocytosis requires PAK1 activation and CtBP1
Dynamin-independent endocytosis of GPI-anchored proteins into early endosomal antigen 1 (EEA1) positive endosomes can occur along the GEEC pathway (GPIanchored proteins enriched early endosomal compartment) involving Cdc42 (Mayor and Pagano, 2007) . While the expression of the dn T17N-Cdc42 had no effect on Ad3 transduction, dn T17N-Rac1 blocked Ad3-eGFP expression ( Fig. 5A , and Sup. 4), and dextran uptake (not shown) consistent with a role of Rac1 in macropinocytosis (Dharmawardhane et al., 2000) . Nuclear targeting of fluorescent Ad3 was independent of EEA1 (knock down levels were larger than 95%, not shown), and dn caveolin-eGFP (not shown). Likewise, Ad3 uptake and infection were not affected in cells expressing the dn T27N or dominant-active Q67L Arf6 mutants (not shown, Kirkham et al., 2005) .
The data so far supported the model that crosslinking of CD46 through multiple Ad3 fibers leads to membrane ruffling and macropinosome formation. This process was enhanced by viral engagement with alpha v integrins, and required F-actin, protein kinase C and Rac1, and gave rise to Ad3 bearing macropinosomal vesicles, some of which had a similar morphological EM appearance as late endosomes and lysosomes.
The escape of Ad3 (and the related Ad7) from endosomes approximately 30 min pi was considerably slower than the escape of Ad2 (t½ of 30 min compared to 15 min of Ad2) (Greber et al., 1993) , although viral uptake rates were comparable, possibly reflecting different entry pathways of Ad2 and Ad3.
We next tested if the Rac1 target p21-activated kinase 1 (PAK1) was involved in Ad3 stimulated macropinocytosis. PAK1 has been implicated in growth factor stimulated macropinocytosis in fibroblasts, cell adhesion and motility (Dharmawardhane et al., 2000; Jaffer and Chernoff, 2002) . T423-phospho-PAK1 measurements indicated that Ad3 and Ad5 but not Ad2-ts1 transiently induced PAK1 activation up to 30 fold, albeit at slightly different rates. Ad3 stimulation peaked at 5-10 min, and Ad2 at 10-15 min p.i.
( Fig. 5B ). Expression of a PAK1 autoinhibitory domain or two different PAK1 siRNAs (P2, P8) inhibited Ad3 infection and dextran uptake, but not Ad5 infection or transferrin uptake which were independent of dn PAK1 (Fig. 5C, D) . Similarly, Ad5 infection was reported to be independent of dominant active PAK1 in colon cancer SW480 cells (Li et al., 1998) . Importantly, the PAK1 siRNAs inhibited the penetration of Ad3 to the cytosol (Fig. 5E , not shown). Collectively, the data suggest a role of PAK1 in Ad3 endocytosis and cytosolic escape but not in endocytosis of Ad5 or transferrin (Meier et al., 2002 ).
An important effector of activated PAK1 is CtBP1 which is phosphoryted by PAK1 and recruited to the cytoplasm (Barnes et al., 2003) . CtBP1 occurs in two splice forms, long and short (CtBP1-L/S). CtBP1-S (also called brefeldin A-ribosylated substrate, BARS) and CtBP1-L are involved in dynamin-independent endocytosis (Bonazzi et al., 2005) .
PAK1 phosphorylates CtBP1-L on Ser158 (equivalent to Ser147 of CtBP1-S) within a regulatory domain, disrupts dimers, triggers cytoplasmic localization and blocks corepressor functions of CtBP1. RNA interference with two different CtBP1 siRNAs (R1, R2) blocked Ad3 but not Ad5 transduction, and inhibited fluid phase uptake in both infected and non-infected cells (Fig. 6A , B, C). R1 had no effects on Ad3 binding while R2 slightly inhibited Ad3 binding to cells (Fig. 6D ). R1 and R2 inhibited Ad3 endocytosis at both low and high moi (Fig. 6E, F) . These results were confirmed by expressing the dn D355A mutant of CtBP1-S, which blocked Ad3 but not Ad5 transduction, and fluid phase but not transferrin endocytosis indicating a direct role of CtBP1 in infectious Ad3 endocytosis (Fig. 6G ). The expression of the phosphoacceptor defective mutant S147A CtBP1-S but not the phospho-mimetic mutant S147D strongly inhibited Ad3 transduction supporting a role of phosphorylated S147 in the Ad3 infection cascade. Importantly, S147A CtBP1 had no effect on Ad5-eGFP indicating that it interfered with an Ad3 specific process, i.e., infectious Ad3 macropinocytosis. The role of CtBP1 and PAK1 in Ad3 infection was independent of the epithelial cell type, as shown by siRNA knock down in human lung epithelial A549 cells (Fig. 6H ). As in HeLa cells, Ad5 but not Ad3 transduction of A549 cells was sensitive to dyn2 siRNA. A knock down of CHC by 78% was, however, not sufficient to inhibit Ad5 or Ad3 infection by more than 20% (not shown).
In noninfected HeLa cells the majority of endogenous CtBP1 was localized to the nucleoplasm (Fig. 7A) . In Ad3 infected cells, however, a significant amount of CtBP1 was localized diffusely to the cytoplasm 10 min pi. Most noticeably, CtBP1 was present on the periphery of Ad3-bearing macropinosomes ( 
Ad3 infection of hematopoietic cells requires CtBP1 but not clathrin
Human adenoviruses targeting the CD46 receptor have a tropism for hematopoietic cells, unlike the CAR-binding adenoviruses. We found that Ad3 induced a robust transient stimulation of dextran uptake in hematopoietic K562 cells peaking 10 min pi (Fig. 8A ). Ad2 in contrast showed a small but significant 2-fold stimulation of dextran uptake, e.g., reflecting the low levels of CAR in these cells (not shown). The Ad3-induced dextran stimulation was dose-dependent, and saturated at approximately 5 µg/ml virus (about 1000 viral particles bound per cell, Fig. 8B ). Ad3 transduction of K562 cells was inhibited by CtBP1 siRNAs but not CHC siRNA measured at 16 h pi (Fig. 8C ). In contrast, Ad5 transduction was independent of CtBP1 but sensitive to clathrin siRNA, which blocked transferrin receptor uptake (Fig. 8C, D, E) . Further, Ad3 transduction of K562 cells was not affected by the dynamin inhibitor dynasore (Macia et al., 2006) up to 200 µM, whereas Ad5-eGFP expression and transferrin uptake were inhibited in a dose-dependent manner (Fig. 8F, G) . These results underscore a selective requirement of clathrin for macropinocytosis in certain epithelial but not hematopoietic cells, and a cell type-independent requirement of CtBP1 for infectious macropinocytosis of Ad3.
Discussion
Endocytic targeting of human adenoviruses depends on the viral fiber protein, and its receptors CAR, and CD46, as well as integrin coreceptors, typically alpha v beta 5
integrins (Berk, 2007; Stewart and Nemerow, 2007) . The data here reveal that macropinocytosis is an infectious entry route for the species B human Ad3 in epithelial and hematopoietic cells (Fig. 9 ). The induction of macropinocytosis is, however, not unique to Ad3, and also occurs with Ad2 or Ad5 (Meier et al., 2002) . Unlike Ad3, Ad2/5 binds CAR and primarily internalizes by dynamin-dependent endocytosis. Ad2/5 infection does not depend on the macropinocytosis regulators CtBP1 and PAK1, unlike Ad3 which utilizes macropinocytosis for infection. Both Ad2/5 and Ad3-induced macropinosomes were CtBP1-positive, and they released their fluid contents (data not shown, Meier et al., 2002) . In addition, macropinocytic stimulation by Ad2/5 and Ad3 involved alpha v integrins, and Rac1. This implies a common mechanism of adenoviral macropinocytosis, which might have been conserved throughout evolution, considering that the hexon sequences of Ad3 and Ad2/5 are as far away from each other, as the human Ad hexons from mouse, bovine or equine hexon sequences (Davison et al., 2003) .
The stimulation of infectious macropinocytosis by Ad3 required both the CD46 receptor and alpha v integrin coreceptors. Ligation of both CD46 and alpha v integrins by antibodies induced fluid phase uptake suggesting that CD46 and integrins can provide upstream signals for macropinocytosis. In fact, integrins have been implicated in macropinocytosis and phagocytosis of dead cells (Wu et al., 2006) . CD46 on the other hand is a well known pathogen receptor. It binds vaccine strains of measles virus, human herpes virus 6, the species B human adenoviruses and bovine viral diarrhea virus binding to CD46 (Cattaneo, 2004) . Binding to CD46 may be attractive for pathogens since CD46 impairs activation and effector function of T-cells, and T-cell response to NK cells (Oliaro et al., 2006) . CD46 signalling is also intimately linked to endocytosis. Depending on the degree of ligand crosslinking, CD46 engages in constitutive clathrin-mediated endocytosis, membrane ruffling, or macropinocytosis (Crimeen-Irwin et al., 2003) . CD46 was however not sufficient for Ad3 endocytosis.
Infectious Ad3 uptake also required alpha v integrins. It remains to be determined if integrins alone or in conjunction with other cell adhesion molecules signal macropinocytic uptake in other viral and bacterial infections.
Macropinocytosis has strict requirements for actin, Rac1, protein kinase C, and the sodium/proton exchanger extruding protons from the cytosol. Proton efflux from the cell through the sodium/proton exchanger is an evolutionarily conserved mechanism to regulate cytoskeleton dynamics, cell migration, growth factor induced proliferation, and the formation of the phagocytic/macropinocytic cup (Baumgartner et al., 2004; Denker and Barber, 2002) . It is possible that actin polymerisation controlled by Rho GTPases provides the driving force for membrane protrusions, and that the actin-anchored sodium-proton exchanger (and perhaps other ion exchangers) contribute to localized volume changes near the plasma membrane. In this scenarium, the sodium-proton exchanger would be upstream of Rac1-PAK1-CtBP1 signalling by Ad3. PAK1
activation then triggers CtBP1 translocation to the cytoplasm which coincides with transcriptional derepression (Barnes et al., 2003) . The observations that Ad3 but not Ad5 infection was inhibited by dn S147A CtBP3 suggests that Ser147 phosphorylation is important for infectious entry of Ad3. In addition, both Ad3 and Ad2/5 activated PAK1, and CtBP1/3 was found on Ad3 or Ad2/5 induced macropinosomes (the Ad2/5 data are not shown). This suggests that the recruitment of CtBP1 to macropinosomal membranes may contribute to derepression of host genes during Ad2/5 and Ad3 entry.
CtBP family members are important regulators of innate immunity. They bind the immediate early viral transactivator E1A of all primate and human adenoviruses (Berk, 2005; Chinnadurai, 2003) , and regulate the expression of the interferon regulatory factor 3 (IRF3) gene (Johansson et al., 2005) . Additional CtBP targets include transcriptional coactivators, such as histone acetyl transferases, and the E1A associated protein p300 (Chinnadurai, 2002; Senyuk et al., 2005) . CD46 and CAR binding adenoviruses induce a strong TLR9-dependent immune response involving NFkB and various cytokines (Iacobelli-Martinez and Nemerow, 2007) . Interestingly, incoming adenoviruses activate protein kinase A which enhances p300/CBP activity (Mayr and Montminy, 2001; Suomalainen et al., 2001) . It is conceivable that PAK1 mediated activation of CtBP1 synergizes with activated TLR9, PKA and PAK1 to stimulate histone acetylation. This could account for the observation that adenovirus infected epithelial cells and fibroblasts upregulate a number of CtBP1 repressed genes, such as the CCAAT/enhancer binding protein beta, which binds to p300/CBP and CtBP1, and thus could contribute to the establishment of an anti-viral state (Granberg et al., 2006; Schuierer et al., 2001; Zhao et al., 2003) . We suggest that CtBP1-dependent macropinocytosis is a defense reaction against pathogens that cause transcriptional derepression of innate immunity genes. The ubiquitous nature and high capacity of macropinocytosis in both professional and nonprofessional antigen presenting cells suggest that it might serve pathogens as an entry gate into different cell types, including polarized epithelial cells (Bruewer et al., 2005) . The results here may have implications for understanding how endocytic pathogen uptake is connected to the innate immune response in both pathological and therapeutic settings, including gene delivery and vaccination.
Materials & Methods
Cells and viruses
Cells were grown in DME (GIBCO-BRL) containing 10% FCS (GIBCO-BRL) at low passage number as described (Meier et al., 2002) . HeLa-ATCC (CCL-2) were purchased from ATCC (American Type Culture Collection), human melanoma M21 cells (positive for surface-expressed αv integrins) and M21L cells (negative for cell surface αv integrins) were obtained from Dr. D. Cheresh (Scripps Research Institute, La Jolla, CA, USA). K562 chronic myelogenous leukemia cells were grown as described . Ad3 and Ad2ts1 were grown, labeled with fluorophores and isolated as described (Meier et al., 2002; Suomalainen et al., 2001 ). Radiolabeling of virions was done as described (Greber et al., 1993) . We estimated that 1000 Ad3 particles were equivalent to 2 infectious particles bound per cell (moi 2), based on a particle to infectious particle ratio of 20, and the observation that 4% of radiolabeled Ad3 bound to cultured human epithelial cells at low multiplicity of infection (moi less than 5).
Ad-eGFP transductions
Cells were washed with warm RPMI-BSA and incubated with 1 µg/ml of Ad3-eGFP (Fleischli et al., 2007) 
Endocytosis assays
Endocytosis of (3H)-thymidine labeled Ad3 was performed as described (Suomalainen et al., 2001) . Transferrin endocytosis was determined by binding a mouse monoclonal anti-transferrin receptor antibody (Thomas Ebel, Karolinska Institute, Huddinge, Sweden) in the cold for 30 min, followed by a secondary anti-mouse antibody coupled to 10 nm gold particles as described . Antibody-receptor complexes were internalized at 37° C for 30 min, and quantified for plasma membrane or endosomal localization of gold particles in a total of 5 different cells for each condition.
For fluid phase dextran uptake, cells were preincubated with 5 µg/ml Ad3 in the cold, washed with warm RPMI-BSA, and warmed in RPMI-BSA containing 0.5 mg/ml dextran-FITC (lysine-fixable 10 kDa, Molecular Probes) at 37°C for 10 min, as described earlier (Meier et al., 2002) . fixed and analyzed by flow cytometry. Electron microscopy and confocal fluorescence microscopy was carried out as described (Meier et al., 2002; . For details see supplemental materials.
PAK1 activation and Western blots
For PAK1 activation, 5 x 10 5 HeLa cells were incubated with 0.5 µg/ml of Ad3, Ad5 or ts1, washed, internalized, chilled with cold PBS containing phosphatase and protease inhibitors, scraped off the dish, resuspended in 100 µl of PBS with inhibitors, mixed with SDS sample buffer, and heated for 30 sec. Extracts were separated on 10% SDS-PAGE, transferred to Hybond-ECL nitrocellulose membrane (Amersham Biosciences, Zurich, Switzerland), and blocked with 5% dried milk in 50 mM Tris/100 mM sodium chloride/0.1% Tween, pH 7.4 (TNT). After immunological probing (with 3% milk for the PAK1 blots, with 0.2 % BSA for the CtBP1 blots) HRP-conjugated antibodies were detected with ECL-Plus reagents (Amersham Biosciences). Filters were stripped with 100 mM β-mercaptoethanol, 2% SDS, 62.5 mM Tris/HCl, pH 6.7, at 50°C for 30 min, washed extensively with TNT, blocked with 5% dried milk, and reprobed with a control antibody. and fixed for ultra thin section EM analyses. Viral particles were quantified at the plasma membrane, in endosomes, and the cytosol as described . CtBP1-S wild type or D355A transfected cells were pulsed with dextran-TR (0.5 mg/ml) or transferrin-Alexa647 (10 µg/ml) for 30 min, fixed and analyzed for dextran and transferrin uptake by confocal microscopy, respectively (grey panels). H: Human lung epithelial A549 cells were transfected with siRNA against CtBP1 (R1), PAK1 (P2), dynamin2, or nonsilencing (ns), transduced with Ad3-eGFP or Ad5-eGFP (moi 2.5),
Figure legends
and analyzed for GFP expression by flow cytometry. The levels of knock down were determined by Western blotting using calnexin as a reference. F,G: Dynasore block of Ad3-eGFP (1 µg/ml) or Ad5-eGFP (2 µg/ml) infection for 12 h, and transferrin-Alexa488 (10 µg/ml) uptake for 30 min, analyzed by flow cytometry. Ad3 binds the membrane cofactor CD46, and is endocytozed into macropinocytic vesicles depending on alpha v beta 3 or beta 5 integrin coreceptors, F-actin, the Rac1
GTPase which activates PAK1 (p21 activated kinase 1), and CtBP1 (C-terminal binding protein 1), a target of PAK1. Protein kinase C (PKC) and the sodium-proton exchanger 1 (sensitive to EIPA) are also required for the formation of Ad3 carrying macropinosomes. Ad3 bearing macropinosomes contain CD46 and alpha v beta 5
integrins. Low pH and additional triggers probably lead to virus release from macropinosomes, and noninfectious virions are degraded in late endosomes and lysosomes. Besides the major macropinocytic pathway there is a minor clathrin and dynamin-dependent pathway, which is cell type-dependent and not found in K562
hematopoietic cells, for example. This pathway remains to be characterized.
Supplemental Material Fluorescence microscopy
Cells were transfected with different DNA constructs 30 h prior to experiment using 
Transmission electron microscopy
Ad3 or Ad2 ts1 (30-50 µg/ml, moi 3000-5000) were cold bound for 60 min, unbound virus washed off and bound particles internalized as indicated. Cells were fixed in 2%
formaldehyde-1.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 (CaCo) overnight, and washed several times in CaCo, followed by postfixation in 1% OsO 4 (Electron Microscopy Sciences) and 1.5% potassium ferricyanide (FeK 3 N 6 ) in double distilled water at 4°C for 60 min. Specimens were rinsed in 0.1 M sodium cacodylate, contrasted with 1% tannic acid in 0.05 M sodium cacodylate at room temperature for 45 min, washed in 1% sodium sulfate, rinsed in H 2 O, stained in 2% uranylacetate in H 2 O over night, and embedded in Epon as described previously .
Virus particles were quantified at 50000 x magnification in ultrathin sections at the plasma membrane, endosomes and cytosol, and viewed in a transmission electron microscope (Zeiss EM 902A) at an acceleration voltage of 80,000 V. To distinguish endosomal from plasma membrne bound virus, surface staining of HeLa cells was performed with cationized ferritin (2.5 mg/ml, Sigma) on ice for 10 min.
BSA-gold
15 nm collodial gold was prepared by citrate reduction of HAuCl 4 (Horisberger and Rosset, 1977) . To 20 ml of collodial gold solution (pH adjusted to 5.9) 50 µl of 10 mg/ml BSA (Sigma, fatty acid free) solution was added (De Roe et al., 1987) . To stabilize the BSA-gold complex, 1ml of 1% PEG 20000 (Roth, Switzerland) were added, the sample centrifuged at 28'000 g for 60 min, and the pellet dissolved in 2 ml gold-buffer (sterile filtered PBS containing 0.2% PEG-20000) and stored at 4° C. BSAgold internalization was performed after cold binding of Ad3 or Ad2-ts1 using a 1:1 dilution of BSA-gold with RPMI-BSA (approximately 0.1 mg/ml of BSA) at 37° C for 10 min.
